Although Agrobacterium-mediated transformation technology is now used widely in rice, many varieties of indica-type rice are still recalcitrant to Agrobacterium-mediated transformation. It was reported recently that T-DNA integration into the rice genome could be the limiting step in this method. Here, we attempted to establish an efficient sequential monitoring system for stable transformation events by visualizing stable transgene expression using a non-destructive and highly sensitive visible marker. Our results demonstrate that click beetle luciferase (ELuc) is an excellent marker allowing the observation of transformed cells in rice callus, exhibiting a sensitivity >30-fold higher than that of firefly luciferase. Since we have previously shown that green fluorescent protein (GFP) is a useful visual marker with which to follow transient and/or stable expression of transgenes in rice, we constructed an enhancer trap vector using both the gfbsd2 (GFP fused to the N-terminus of blasticidin S deaminase) and eluc genes. In this vector, the eluc gene is under the control of the Cauliflower mosaic virus 35S minimal promoter, while the gfbsd2 gene is under the control of the full-length rice elongation factor gene promoter. Observation of transformed callus under a dissecting microscope demonstrated that the level of ELuc luminescence reflected exclusively stable transgene expression, and that both transient and stable expression could be monitored by the level of GFP fluorescence. Moreover, we show that our system enables sequential quantification of transgene expression via differential measurement of ELuc luminescence and GFP fluorescence.
Introduction
Agrobacterium-mediated transformation technology has been used widely in the fields of both molecular breeding and basic research in rice. To date, this technology has been successful in many rice varieties (Hiei et al. 1994 , Dong et al. 1996 , Rashid et al. 1996 , Ishizaki and Kumashiro 2008 ; however, there are still reports of recalcitrance to Agrobacterium-mediated transformation in many varieties including indica rice. Thus, there is a need to establish a highly efficient and universal transformation system for a wide range of rice varieties. Successful transformation is thought to depend on a combination of suitability for tissue culture and the ability to accept a transgene via Agrobacterium (Boyko et al. 2009 ). In rice varieties recalcitrant to Agrobacterium transformation, reports indicating enhanced competence of transgene integration are limited, although improved transformation systems achieved by modifying tissue culture conditions and selection procedures for transformed cells have been reported (Nishimura et al. 2006, Hiei and Komari 2008) .
Stable transformation via Agrobacterium is defined as transformation of cells that results in transferred DNA (T-DNA) integration into the rice genome, while transient transformation is defined as transformation of cells that results in T-DNA transfer and its expression without T-DNA integration into the rice genome (Gelvin 2010) . In many cases, although transient transformation was confirmed by the expression of reporter genes such as green fluorescent protein (GFP), in plants that are recalcitrant to Agrobacterium-mediated transformation, it has proved difficult to obtain sufficient cells or regenerated plants in which stable transformation has occurred successfully. For example, transformation frequency was compared between indica and japonica varieties of rice that were recalcitrant and susceptible to Agrobacterium-mediated transformation, respectively (Tie et al. 2012) . In that report, it was estimated that the stable transformation frequency in indica varieties was 20-50 times lower than that in japonica varieties, although transient transformation frequency in indica varieties was half that in japonica varieties, suggesting that the low transformation efficiency in indica rice was due mainly to the low frequency of stable transformation.
Transient expression is observed before T-DNA integration into the plant genome, mainly in the early stages of transformation; and stable expression is observed after T-DNA integration. Since stable expression of transgenes, i.e. the last step of stable transformation (Gelvin 2010) , is indispensable for the subsequent clonal propagation of transformed calli under selection pressure such as antibiotics, it would be useful to monitor stable transformation events by direct visualization of stable expression of transgenes. We have established an Agrobacterium-mediated transformation system using primary rice calli, i.e. <7-day-old embryogenic calli derived from mature seeds of the model japonica and indica rice varieties Nipponbare and Kasalath (Toki et al. 2006, Saika and Toki 2010) , and reported visualization of both transient and stable transgene expression using GFP in transformed rice callus of Nipponbare (Toki et al. 2006) . However, the onset of stable transgene expression could not be monitored precisely due to the simultaneous occurrence of transient and stable transgene expression.
Here, we present a sequential monitoring system of stable transformation events that could be a useful tool for the evaluation of transformation competence at the early stage of transformation. We established an efficient sequential visualization system for stable transgene expression in rice using a click beetle luciferase (ELuc). Our system could be useful for establishing transformation systems in rice varieties that are recalcitrant to Agrobacterium-mediated transformation. In addition, the molecular mechanisms of Agrobacterium-mediated transformation in rice, which is a non-host of Agrobacterium in nature, have not yet been elucidated, although the mechanism is assumed to be similar to that in dicots such as tobacco and Arabidopsis. Our system will facilitate elucidation of the molecular mechanisms of T-DNA integration into the rice genome.
Results and Discussion
Transient and/or stable expression of transgenes in callus of Kasalath
In this study, we used the rice variety Kasalath because callus of this variety has remarkably high competency in Agrobacteriummediated transformation compared with Nipponbare (Saika and Toki 2010) . First, we observed sequential transgene expression in Kasalath following the scheme shown in Fig. 1 . As shown in Fig. 2 , GFP signal indicated by white arrowheads was observed 5-6 days after infection (DAI) with Agrobacterium, although GFP signal indicated by pink arrowheads disappeared 6-7 DAI, as in our previous study of Nipponbare (Toki et al. 2006) . This suggests the possibility that this tendency in GFPemitting cells observed at 5-7 DAI reflects a conversion of transient GFP expression into stable GFP expression, although transient or stable transgene expression should occur before GFP fluorescence emitted from transformed cells can be seen, and transient and stable transgene expression is not distinguished clearly since these events occur simultaneously.
Comparison of firefly luciferase and click beetle luciferase in rice transformation
In previous reports, stable transgene expression was detected visually using a promoter-less -glucuronidase (gus) intron gene in tobacco plants (Mysore et al. 1998 , Anand et al. 2007 ). Based on those reports, we expected that stable expression of a reporter gene could be monitored exclusively by the application of an enhancer trap system using a minimal promoter in rice. Our system has two main prerequisites: first, to observe stable transgene expression sequentially, a non-destructive and visible reporter system should be used. Secondly, it is possible that stable transgene expression is quite low because transgene expression levels are dependent on the genome locus into which T-DNA molecules have integrated, assuming that T-DNA integration into the plant genome has occurred successfully and that transgene expression has not been disrupted by gene silencing. Thus, a highly sensitive reporter gene should be used to minimize the risk of underestimating stable transformation events in this system. Among visible reporters, luciferase (Luc) is a good candidate for the visualization of transformed cells. Since light is produced by the oxidation of a light-emitting biological pigment-luciferin catalyzed by luciferase-background emission from rice cells such as autofluorescence should be low. Moreover, luciferin can penetrate cell membranes, allowing transformed cells to be monitored easily (Ow et al. 1986 ). Signals derived from ELuc have been reported to be >10-fold stronger than those of firefly Luc (FLuc), which is the most widely used visual marker in mammalian cells (Nakajima et al. 2010) . Moreover, the spectrum of FLuc is known to change in a pH-dependent manner, whereas ELuc spectra are pH independent (Viviani et al. 1999 ). These features suggest that ELuc could also be a suitable reporter for the transformation of higher plants. Thus, we constructed FLuc and ELuc expression vectors ( Fig. 3A) and compared the level of luminescence in rice calli transformed with Agrobacterium harboring these constructs. Just as in mammalian cells, the luminescence level in cells transformed with ELuc was >30-fold higher than in cells transformed with FLuc at 5 DAI (Fig. 3B, C) . Thus, ELuc is an excellent reporter in rice transformation systems due to its much higher sensitivity.
Vectors for monitoring transient and/or stable transgene expression
GFP is a useful visual marker that can be used to distinguish between transformed and non-transformed cells, and we have already established a GFP monitoring system (Toki et al. 2006, Saika and Toki 2010) . Moreover, it has been shown that gfbsd2 (GFP fused to the N-terminus of blasticidin S deaminase) not only enables visualization of transformed cells but also confers blasticidin S resistance to transformed rice cells (Ochiai-Fukuda et al. 2006 ). Thus, we decided to use gfbsd2 and eluc as visible and selectable reporters, respectively, in the monitoring vector.
We constructed two kinds of vectors using the gfbsd2 and eluc marker genes (Fig. 4A ). In the monitoring vector, we reasoned that eluc would monitor exclusively stable transgene expression because it is driven by the Cauliflower mosaic virus (CaMV) 35S minimal promoter containing the TATA region (Fig. 4B) , and thus the eluc gene will be expressed only if the minimal promoter is trapped by enhancer sequences in the plant genome. gfbsd2 expression cassettes used to detect both transient and stable transgene expression were under the control of the constitutive promoter of the rice EF1a gene (Kidou and Ejiri 1998) . gfbsd2 and eluc expression cassettes were used to monitor both transient and stable transgene expression in the control vector under the control of fullstrength promoters (Fig. 4) .
Monitoring of transient and/or stable transgene expression in rice
To see if the monitoring vector worked as expected during the course of rice transformation, GFP fluorescence and ELuc luminescence emitted from rice callus transformed with the vectors shown in Fig. 4A were observed sequentially. As shown in Supplementary Fig. S1 and in Fig. 5 , we could detect and quantify both GFP fluorescence and ELuc luminescence sequentially in rice callus transformed with the monitoring vector. ELuc luminescence in callus transformed with the monitoring vector was scarcely detectable at 3-5 DAI but increased at 6 DAI, while ELuc luminescence levels were detected at 3 DAI and gradually increased in the case of the control vector harboring ELuc under the regulation of the full-length 35S promoter (Fig. 5A ). This suggested that the level of expression of eluc from the monitoring vector was much lower than that from the control vector in the early stages of transformation, during which mainly transient transgene expression was occurring as expected. On the other hand, GFP fluorescence levels were comparable between the control and monitoring vectors (Fig. 5B) . Moreover, observation of close-up images allowed us to follow the status of transgene expression in transformed callus. As expected, in the case of the monitoring vector, fewer cells with ELuc luminescence were detected than cells with GFP fluorescence in transformed callus (Fig. 6A) . On the other hand, sites of expression of GFP fluorescence almost coincided with those of Luc luminescence in transformed callus in the case of the control vector, although different promoters were used to drive expression of the gfbsd2 and eluc genes, suggesting that the expression patterns of the CaMV 35S full-length and rice EF1 promoters are similar in rice callus (Fig. 6B) . Thus, the results suggested that stable transgene expression was monitored exclusively using ELuc luminescence, and both transient and stable expression were monitored using GFP fluorescence in our monitoring system, and that the transgene expression pattern could be estimated easily by quantifying luminescence and fluorescence levels.
We consider this an excellent system with which to monitor stable expression of transgenes in rice with regard to the following points. First, we used the eluc gene as a reporter of stable transgene expression, thus enabling efficient detection of even just a few cells emitting ELuc luminescence at the early stage of transformation at 4 DAI (Fig. 6A) ; this is also a non-destructive method of visualization, unlike the gusA gene used in the previous reports (Mysore et al. 1998 , Anand et al. 2007 ). Secondly, background emission from plant cells is low, allowing quantitative evaluation of ELuc luminescence, i.e. the number of photons per cell or callus. Thirdly, stable expression of transgenes can be observed without antibiotics or herbicide selection. It is difficult to monitor stable expression of transgenes and transformation events as independent antibiotic-resistant transformed cells are mixed during the selection process. Fourthly, tumorigenesis induced by wild-type Agrobacterium strain infection, which has also been widely used as an indicator of stable transformation frequency (Nam et al. 1999 , Anand et al. 2008 , is not used in this system. This tumorigenesis system cannot be applied to rice transformation systems because rice callus is already de-differentiated.
Transgene expression of transformed rice callus
Expression analysis confirmed the results shown in Figs. 5 and 6. The levels of eluc mRNA accumulation in callus transformed Fig. 1 Schematic representation of the Agrobacterium-mediated transformation system used in this study. Seven-day-old primary calli derived from mature seeds were co-cultivated with Agrobacterium harboring the binary vector. After 3 d, washed calli were grown on selection medium containing an appropriate antibiotic. GFP fluorescence and Luc luminescence emitted from transformed calli were observed 3-10 days after infection (DAI).
with the monitoring vector were lower than those with the control vector just after Agrobacterium elimination (Fig. 7) . On the other hand, gfbsd2 mRNA levels in callus transformed with the monitoring vector were comparable with those in callus transformed with control vector (Fig. 7) . Accumulation of eluc and gfbsd2 mRNA in transformed callus correlated well with levels of ELuc luminescence and GFP fluorescence emitted by transformed callus (Figs. 5, 7) . It was confirmed that ELuc luminescence in callus transformed with the monitoring vector was lower compared with the control vector just after the onset of selection because of a low level of eluc expression rather than low transformation frequency. In the monitoring vector, the eluc gene is under the control of a CaMV 35S minimal promoter and the nopaline synthase terminator (TNos). In the control vector, the eluc gene is under the control of the full-length CaMV 35S promoter and TNos. In both vectors, the gfbsd2 gene is under the control of the constitutive promoter of the rice elongation factor 1 gene (P EF1) and the terminator of the rice glycerol-3-phosphate dehydrogenase gene (T G3P). (B) DNA sequence of the 35S full-length promoter and 35S minimal promoter. Blue, black and red characters indicate the vector sequence, 35S promoter sequence and start codon of ELuc, respectively. Blue underlined characters indicate right border sequences. Black bold and underlined characters indicate the TATA region of the 35S promoter (Engineer et al. 2005) . 
Application of this monitoring system to transformation research
In this study, we succeeded in establishing a system for monitoring stable transformation events by visualizing stable transgene expression in rice. Our system helps to evaluate, very rapidly, whether Agrobacterium-mediated transformation has succeeded or not in certain varieties of rice. Moreover, we propose that, using reporter genes to monitor stable transgene expression, it should be possible to screen different varieties and mutants for those that are more competent for Agrobacteriummediated transformation than conventional varieties.
The quantification of Luc luminescence can be an indicator of stable transformation frequency (Fig. 5) , since stable expression of the transgene is the final event defining stable transformation (Gelvin 2010) . We expect that our system could also be used to analyze the molecular mechanisms of T-DNA integration into the plant genome. The molecular processes and mechanisms of the Agrobacterium-mediated transformation system remain to be fully elucidated. In particular, the mechanism of T-DNA integration into the plant genome remains controversial (Gelvin 2010) . It has been proposed that integration of the double-stranded T-DNA into double-strand breaks (DSBs) in the genome requires a non-homologous end-joining (NHEJ) process, which is one of the major pathways used to repair DNA DSBs. In yeast NHEJ mutants, such as ku70 and ligase4, the frequency of T-DNA integration is reduced dramatically (van Attikum et al. 2001) . In Arabidopsis, it was shown using a root transformation assay that a ku80 mutant-one of the proteins involved in NHEJ-was severely impaired in stable integration but not in transient expression (Li et al. 2005) . Moreover, T-DNA integration analysis has been reported in virE2 interacting protein2 (vip2) knockdown tobacco plants using the promoter trap system and the gusA gene (Anand et al. 2007 ). On the other hand, there are reports that particular histones act to enhance transgene expression and result in improving transformation frequency (Tenea et al. 2009 , Zheng et al. 2009 ). In our monitoring system, both the Fig. 5 Quantification of GFP and ELuc levels emitted from transformed rice calli. ELuc luminescence (A) and GFP fluorescence (B) levels emitted from transformed rice calli were quantified as described in the Materials and Methods and are presented as a percentage of that observed at 10 DAI. The y-axis indicates the relative ELuc or GFP level per Agrobacterium-co-cultivated callus, respectively. Values are the average ± SE (n = 12). The colored and gray bars indicate rice calli transformed with the monitoring vector and the control vector, respectively. Images of transformed callus used for quantification of GFP and ELuc levels and the GFP and ELuc levels emitted from each callus are shown in Supplementary Fig. S1 . Fig. 6 Sequential observation of GFP and ELuc emitted from transformed rice calli. Seven-day-old primary calli derived from mature seeds were co-cultivated with Agrobacterium harboring the monitoring (A) or control (B) vectors shown in Fig. 4A . ELuc luminescence and GFP fluorescence were detected sequentially as described in the Materials and Methods. Relative luminescence intensity is shown by the color scale. Bar = 5 mm.
number of stable transformation events and the level of transient and/or stable transgene expression could be measured by counting the number of GFP-emitting cell sectors under a dissecting microscope, and the quantification of GFP fluorescence and ELuc luminescence levels, respectively (Figs. 5, 6 ), suggesting that our system could be applied to researching the correlation between transgene expression and the number of transformation events. We expect that further details of the molecular mechanism of T-DNA integration could be elucidated by the sequential observation of transient and/or stable transformation using our monitoring system in DNA repair mutants. In conclusion, we have established a sequential observation system to monitor stable transgene expression using ELuc. We believe that our system could be applied successfully to both the improvement of Agrobacterium-mediated transformation protocols and the analysis of the molecular mechanism of T-DNA integration in plants.
Materials and Methods

Vector construction
Binary vectors for fluc (Promega) or eluc (Toyobo) expression (Fig. 3A) were constructed as follows. For the fluc expression vector, pCAMBIA1390-sGFP ( Fig. 2A ; Niwa et al. 1999 , Niwa 2003 , Toki et al. 2006 ) was digested with SalI and BsrGI [bluntended with T4 DNA polymerase (Toyobo)], and the SalI-/SacIdigested (blunt-ended with T4 DNA polymerase) fluc fragment from the fluc expression vector (Promega) was inserted. For the eluc expression vector, the sgfp expression cassette was cloned into the vector pGEM7 (Promega) using HindIII and EcoRI. The sgfp fragment was replaced with the eluc fragment derived from the pELuc test vector (Toyobo) by NcoI and NotI digestion. The eluc expression cassette was cloned into the binary vector pCAMBIA1390 using HindIII and EcoRI.
Two novel binary vectors-monitoring vector and control vector-were constructed in this study (Fig. 4A) . To construct the control vector, the eluc expression cassette was digested with HindIII and filled-in with T4 DNA polymerase (Toyobo). A 2.3 kb fragment was purified by subsequent digestion of the filled-in plasmid with EcoRI. To construct the monitoring vector, a 2.0 kb fragment was amplified by PCR from the eluc expression cassette using the high-fidelity DNA polymerase KOD-plus-(Toyobo) with the primer set 5 0 -CCTTCGCAAGA CCCTTCC-3 0 /5 0 -TAAAACGACGGCCAGTG-3 0 , and the resulting product was digested with EcoRI. A 3.5 kb fragment of the gfbsd2 expression cassette driven by the OsEF1 promoter and OsG3P terminator was digested from the Pef1-1Somega-gfbsd2-Tg3p vector (K. Osakabe and S. Toki, unpublished data) with HindIII/EcoRI. The 2.3 and 2.0 kb eluc fragments (control vector and monitoring vector, respectively), and the 3.5 kb fragment of the gfbsd2 expression cassette were cloned into the vector pPZP2028 (Kuroda et al. 2010) using HindIII/PmeI.
Agrobacterium-mediated transformation in rice
Rice (Oryza sativa L. cv. Kasalath) was used in this study. The binary plasmid vectors described above were transferred into Agrobacterium tumefaciens strain EHA105 by electroporation (Hood et al. 1993 ). The transformation experiments were performed as shown in Fig. 1 . The transformation procedure followed that of Toki et al. (2006) . After 3 d of co-cultivation with Agrobacterium, calli were washed and cultured on N6D medium containing 10 mg l À1 blasticidin S (Nakalai tesque) or 50 mg l À1 hygromycin (Wako Pure Chemical Industries), and 12.5 mg l À1 meropenem (Wako Pure Chemical Industries) at 31-33 C.
Extraction of total RNA and quantitative RT-PCR analysis
Samples were prepared as described above. Total RNA was extracted from frozen calli with an RNeasy Plant Mini Kit (QIAGEN). Reverse transcription was performed with a ReverTra Ace (Toyobo) according to the manufacturer's protocols. All mRNA levels were normalized to the OsActin1 level as a control. Transcript levels of each gene were measured by real-time quantitative RT-PCR using a Power SYBR Green PCR Master Mix (Applied Biosystems) and an ABI7300 (Applied Biosystems) according to the manufacturer's protocols. The gene-specific primers used for quantitative RT-PCR were 5 0 -C AGAAGAACGGCATCAAGGT-3 0 and 5 0 -CTGGGTGCTCAGGT AGTGGT-3 0 for gfbsd2, 5 0 -CCTACCTGCCATTCTTCCAC-3 0 and 5 0 -CTTCGGAGCATCACCACTCT-3 0 for eluc, and 5 0 -AGGCCAA TCGTGAGAAGATGACCCA-3 0 and 5 0 -GTGTGGCTGACACCA TCACCAGAG-3 0 for OsActin1.
Observation and quantification of GFP fluorescence
GFP fluorescence emitted from transformed calli was observed using a fluorescence microscope with a GFP2 filter (MZ FLIII, Leica Microsystems). Quantification of GFP fluorescence was Fig. 7 Expression analysis in calli transformed with monitoring and control vectors. eluc and gfbsd2 mRNA levels in callus at 3 DAI. For qRT-PCR, 0.1 mg of total RNA extracted from Agrobacterium-co-cultivated calli was used as a template. All mRNA levels were normalized to the OsActin1 level as a control. Data are the mean ± SD of three separate PCR analyses.
carried out using a Bio-Rad Molecular Imager FX in combination with Quantity One software (Bio-Rad Laboratories).
Observation and quantification of Luc luminescence
Transformed calli were treated with beetle luciferin, potassium salt (Promega) and kept for 5 min. Luc luminescence images were taken using a high resolution photon counting camera (C2400-77 VIM camera, Hamamatsu Photonics with a 10-30 min exposure time, and processed with Aquacosmos (Hamamatsu Photonics).
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